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1 .  PURPOSE 


The  work  performed  under  this  contract  is  aimed  at  studying  the 
generation,  propagation  and  Interaction  of  phonons  in  solids  hy  means  of 
microwaves.  The  main  Interest  is  centered  on  phonon-phonon  interaction 
in  crystals. 

1.1  Task  I  Analytical  Study 

Investigate  the  generation  and  propagation  of  phonons  in  solids. 
Study  the  phonon  interactions  in  one  and  three  dimensional  media. 

1.2  Task  II  Experimental  Study  on  Phonon  Generation  and  Propagation 
Investigate  experimental  techniques  of  generating  phonons.  Develop 

methods  for  enhancement  of  the  transducer  coupling.  Evaluate  the  properties 
of  phonon  propagation  in  crystals. 

1.3  Task  III  Experimental  Study  of  Phonon  Interactions 

Study  and  evaluate  the  various  types  of  phonon  interactions  in 
solids  e)q)erimentally. 

1.4  Task  IV  Material  Evaluation 

Measurement  of  the  elastic  properties  of  various  materials  and 
search  for  materials  suitable  for  phonon  propagation  and  interactions. 
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2.  ABSTTRACT 


The  objective  of  this  project  is  to  study  the  generation,  propsigation, 
and  interactions  of  phonons  with  emphasis  on  the  phonon -phonon  interaction 
in  crystals.  These  phonon  interactions  are  interpreted  as  parametric 
interactions  due  to  crystal  anharmonicity. 

In  this  qmrterly  report,  the  concept  of  parametric  interactions  in 
scattering  processes  of  waves  and  quasi -particles  is  further  discussed. 

Some  introductory  remarks  on  interactions  of  optical  phonons  axe  described. 
Ibqjeriroental  work  on  the  ma^etostrictive  excitation  of  microwave  phonons 
in  various  materials  is  presented.  The  results,  such  as  the  generation  of 
phonons  in  silicon,  arc  now  reliably  reproducible. 


3.  PUBLICATIONS.  IJICTURES.  REPORTS,  CONFERENCES 


Oct.  27,  1961  -  "Broad  Aspects  of  the  Interaction  in  Parametric  Devices", 

H.  J.  Evans  &  H.  Hsu,  1961  IRE-PCED  Conference, 

Washington,  0.  C. 

Nov.  2,  1961  -  "Parametric  Interactions  of  Phonons",  H.  Hsu,  Physics 

Department  Colloqiijm,  Syracuse  University,  Syracuse,  N.  Y. 

Nov.  20,  1961  -  Presentation  at  the  U.  S.  Army  Signal  Research  and  Develop¬ 
ment  Laboratory,  Fort  Monmouth,  N.  J.,  H.  Hsu  &  S.  Wanxiga. 

Jan.  18,  1962  -  "Propagation  ef  Elastic  Waves  in  Crystals",  H.  Hsu,  PGMTT, 
Syracuse  Chapter,  Syracuse,  N.  Y. 
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4.  FACTUAL  DATA 


4.1  Phase  I  -  Theoretical  Aspects 

In  our  first  qiiarterly  progress  report,  we  treated  phonon  interactions 
as  three  dimensional  parametric  interactions  and  interpreted  the  particle 
aspects  of  these  interactions.  These  concepts  are  “believed  to  be  of  fund¬ 
amental  Importance  to  the  imderstanding  of  many  scattering  processes.  A 
discussion  in  this  respect  is  presented  in  Section  4.1.1. 

Phonon  interactions  are  actually  a  particular  case  of  these  three 
dimensional  interactions.  One  kind  of  phonon  interactions  we  have  not 
been  concerned  with  so  far  is  the  interaction  of  optical  phonons.  In 
Section  4.1.2  some  introductory  remarks  on  optical  phonon  interactions  are 
described. 

4.1.1  Three-dimensional  Parametric  Interactions  of  Waves  and 
Quasi -particles 

The  parametric  interaction  in  a  cavity  csm  be  regarded  as  point 
interactions.  The  investigations  of  traveling -wave  parametric  interactions 
by  Tien,^^^  among  others,  extended  the  understanding  to  one'dimensional 
interactions.  The  purpose  of  this  note  is  to  show  that  the  concept  of 
these  parametric  interactions  can  be  further  generalized  to  two  and  three 
dimensions,  and  interpreted  as  scattering  of  coherent  waves  or  quantised 
fields  of  quasi -particles.  These  concepts  apply  not  only  -to  electro¬ 
magnetic  waves,  but  also  to  interactions  involving  elastic  waves,  spin 
waves,  plasma  waves,  etc.  As  qusuitised  fields,  parametric  interactions 
can  be  interpreted  as  the  annihilation  or  creation  of  photons,  phonons, 
magnons,  plasmons,  etc. 
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In  order  to  demonstrate  the  possihility  of  achieving  parametric 

interaction  of  traveling  waves  in  three-dimensional  media,  we  choose  a 

moving  coordinate  system  which  is  moving  at  an  arbitrary  velocity  v.  Let 

the  frequencies  of  the  original  traveling  waves  he  oo  ,  05. ,  and  O)  for 

pi  s 

the  pump,  idler,  and  signal,  respectively.  The  corresponding  Doppler 

frequencies  in  the  moving  coordinates  become  Oi'  ,  (O'  and  (o'  . 

Pi  8 
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P  and  V  are  vector  quantities.  Parametric  interaction  becomes  possible  if 
the  pump  frequency  is  equal  to  the  sum  of  the  idling  and  signal  frequencies, 
and  if  the  relationship  holds  for  any  arbitrary  velocity  of  the  moving 
coordinate  system. 

That  means  we  have: 


(0  =  (0  +  (0 
Pis 

and  require  that, 

(JO*  =0)'  +  (o' 

Pis 

From  the  above  three  equations,  we  get 


(2) 

(3) 


P  i  8 

Eq.  (4)  is  the  condition  on  the  phase  constants.  Conversely,  if  Eqs.  (2) 
and  (4)  hold,  Eq.  (3)  becomes  valid  and  parametric  interaction  is  possible. 
Thus,  Eqs.  (2)  and  (4)  are  the  selection  rules  to  be  satisfied  for  traveling- 
wave  parametric  interactions. 
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(  2) 

For  periodic  structures  such  as  crystals,'  '  Eq.  (^+)  is  equivalent  to: 


^  +  p  +  27rg  (4  a) 

— >  — > 

vhere  g  is  a  lattice  vector  in  the  reciprocal  lattice.  When  g  is  not  zero, 

(3) 

the  interaction  corresponds  to  the  so-called  "umklapp"  process  in  solids.  ' 

In  the  one -dimensional  case,  the  phase  constants  can  he  regarded  as 

scalars  with  either  positive  or  negative  signs.  Then  Eqs.  (2)  and  (4) 

(1) 

are  reduced  to  Tien's  equations.  In  a  non-linear  medium,  it  is  possible 
to  achieve  either  forward  or  backward  traveling  wave  parametric  amplifi¬ 
cations.  The  significance  of  the  umklapp  process  has  been  demonstrated 
in  backward  traveling  wave  parametric  amplifiers. 

Eqs.  (2)  and  (4)  can  be  expressed  as: 


(5) 


)^p  =  +  yip  (6) 

Pis 

and 

yip  =  yi^  +  yip  +  hg  (6a) 

■Pis 

where  y(  is  Planck's  constant  divided  by  27r  . 

Eqs.  (5),  (6)  and  (6a)  can  be  regarded  as  the  particle  aspect  of 
traveling  wave  interactions.  Eq.  (5)  indicates  the  conservation  of  energy, 
Eq.  (6)  the  conservation  of  momentum,  and  Eq.  (6a)  the  conservation  of 
crystal  momentum.  It  is  expected  that  Eqs.  (5),  (6),  or  (6a)  will  be 
satisfied  in  any  scattering  processes.  Thus,  parametric  interactions  due 
to  scattering  of  the  coherent  qusmtised  fields  of  quasi -particles  can 
conceivably  be  achieved. 

The  above  discussion  can  be  reeuilly  extended  to  frequency  mixing, 
harmonic  generation  and  parametric  Intereictions  involving  multiple 
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frequencies.  The  selection  rules,  corresponding  to  the  conservation 
laws,  can  he  generalized  as: 


and 


(7) 

(8) 


or 

V  V  ^ 

/  3  =  /  B  +  27r  g  (8a) 

i  i  s  s 

where  and  are  the  energies  of  the  incident  and  scattered  quasi- 

— ^  — > 

particles  or  traveling  waves,  6  and  p  are  the  corresponding  phase  Constanta 

i  s 

Eq.  (8)  applies  to  continuous  tnedia  and  Eq.  (8a),  to  periodic  media. 

Eqs.  (7)  and  (8a)  can  he  identified  as  the  Bragg  Law  in  the  special  case 
of  direct  scattering  involving  only  one  incident  wave  and  one  scattered 
wave . 


It  should  he  pointed  out  that  the  above  selection  rules  can  he  calcu¬ 
lated  quantum  mechanically  from  the  interaction  Hamiltonian  in  various 
collision  processes.  But  the  concept  of  three  dimensional  parametric 
interactions  was  not  evident  in  the  formal  treatment  because  the  propa¬ 
gation  of  coherent  quantised  fields  of  quasi -particles  was  not  believed 
possible  earlier.  With  the  recent  development  of  the  optical  maser  and 
the  successful  propagation  of  coherent  phonons,  the  concept  of  three 
dimensional  parametric  interaction  may  become  important  in  the  study  of 
solid  state  physics  and  quantum  field  theories.  Furthermore,  the  recent 

successful  generation  of  optical  harmonics  utilizing  the  nonlinearity 

(6) 

in  the  electric  susceptibility  of  piezoelectric  crystals,'  '  is  in  fact 
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a  detDonstratlon  of  the  three  dimensional  parametric  interaction  of  coherent 
photons.  Similar  parametric  interactions  should  he  possible  for  phonons, 
magnons,  etc.  There  appears  to  he  an  unlimited  variety  in  the  potential 
development  of  nev  devices. 

U^.1.2  Optical  Phonon  Interactions 

The  Infrared  dispersion  and  absorption  of  light  by  the  optical 
■ode  of  crystal  vibrations  is  well  known.  The  absorption  is  caused  by 
the  interaction  between  the  infrared  radiation  auad  the  dipole  moment 
associated  with  the  lattice  vibration  of  crystals.  Rigorous  treatments 
of  this  phenomena  based  upon  quantum  mechanics  and  the  adiabatic  approxl- 

(7) 

matlon  are  given  by  Bom  and  Huang  and  others. 

Figure  1  shows  the  dispersion  curves  of  the  lattice  vibrations  and 
that  of  light.  The  interaction  occurs  at  the  frequency  where  the  fre¬ 
quency  of  the  transverse  optical  mode  of  lattice  vibrations  approaches 
that  of  the  infrared  radiation.  During  the  absorption  (one  phonon- 
process)  a  photon  of  light  is  annihilated  and  an  optical  phonon  is 
created,  taking  up  the  energy  and  momentum  of  the  photon. 

This  type  of  interaction  is  very  strong  in  ionic  crystals.  For 
homopolar  crystals,  such  as  diamond,  silicon  eund  germanlxim  the  inter¬ 
action  tends  to  disappear  because  the  dipole  moments  of  the  atoms  com¬ 
pensate  one  suiother,  especially  for  very  long  waves.  The  resulting 
absorption  usually  consists  of  a  broad  weak  band  due  to  the  anharmoni- 
city  of  the  lattice  vibrations  (two-phonon  absorption and  a  narrow 
peed^  which  could  be  eiqilained  as  due  to  the  dipole  moment  resijlting 

(9) 

from  the  coupling  between  the  displacements  and  polarization  of  atoms. 

For  homopolar  crystals  with  different  atoms  in  the  unit  cell,  the  dipole 

moment  of  the  unit  cell  is  not  cancelled  even  for  long  waves  because  of  the 

(9) 

asyiBRtry  of  the  exchange -dipole  forces.  ' 
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Therefore,  such  compovuids 


■behave  as  polar  crystals  and  one-phonon  absorption  is  possible.  Infrared 

(10) 

dispersion  observed  for  SiC  tends  to  confirm  that  the  one-phonon 
absorption  process  could  occur  also  in  many  semiconductors  and  is  not 
limited  in  ionic  crystals. 

Based  upon  the  theory  of  infrared  absorption  of  optical  phonons j  we 
can  expect  amplification  or  generation  of  infrared  radiation  if  an  ampli¬ 
fication  or  oscillation  mechanism  is  introduced  to  the  optical  phonons. 

There  are  many  possible  approaches  to  achieve  this  property. 

Optical  phonons  have  been  generated  in  the  tunneling  in  semiconductor 

(11) 

Junctions,  It  is  of  particular  interest  that  the  tunneling  process  is 

not  only  coupled  to  transverse  and  longitudinal  modes  of  both  acoustic 
and  optical  modes,  but  also  to  the  combination  of  these  various  modes. 

Thus,  it  is  possible  to  apply  the  tunneling  mechanism  not  only  in  the  one- 
phonon  process,  but  also  in  two-phonon  processes.  The  two-phonon 
processes  would  function  as  parametric  interactions. 

The  photon-phonon  coupling  serves  also  as  a  means  of  applying  optical 
pumping  to  phonon -phonon  interactions.  With  an  optical  maser  as  a 
pumping  source,  it  is  conceivable  that  the  selection  rules  for  phonon- 
phonon  interactions  can  be  satisfied  between  the  transverse  optical  phonons 
and  the  acoustical  phonons.  Thus,  the  energy  of  incident  photons  is 
transformed  to  phonon  energy  and  serves  as  a  puinping  source  for  ampli¬ 
fication  of  a  signal  frequency  phonon.  The  interaction,  is  usually  a 
backward  traveling  wave  type  of  parametric  ang)!!! ication.  This  kind  of 
interaction  is  evidently  well  suited  for  parametric  amplification  or 
mixing  of  acoustical  phonons  near  infrared  freqeuncies.  The  possi'ble 
application  of  eui  optical  maser  as  the  pump  in  further  parametric  inter¬ 
actions  appears  to  be  another  approach  which  may  lead  to  new  devices  not  only 

for  millimeter  or  infrared  frequencies,  but  also  for  optical  frequencies. 
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^.2  Phase  II  -  Experimental  Studies 


4.2.1  General  Considerations 

The  microwave  energy  sources  used  for  phonon  excitation  have  been 
mostly  magnetrons  with  a  pulse  width  of  about  1  (jtsec  .  and  power  ratings 
of  50  watt  CW  for  the  S-band  frequency  and  of  1  to  50  kilowatt  peak  power 
for  the  X-band  frequency.  In  the  phonon  interaction  experiments  it  is 
desirable  to  have  the  pun^i  power  large  enough  in  order  to  induce  the  anhar- 
monicity  of  the  propagating  medium.  The  effective  interaction  length  when 
using  a  pump  pulse  width  of  1  |isec.  is  too  small.  New  sources  of  electron¬ 
ically  tunable  microwave  energy  supply  have  been  ordered  for  use  as  our 
pump  supply  in  order  to  increase  the  power  and  extend  the  frequency  range 
of  operation.  However,  some  time  may  elapse  until  such  units  arrive  and  are 
placed  in  operation.  A  surplus  unit  consisting  of  a  complete  supply  for 
mechanically  tunable  50  watt  CW  magnetrons  is  being  modified  for  use  as  our 
puti55  supply.  This  supply  will  be  pulse  modulated  with  much  wider  pulses 
thereby  increasing  the  pump  power.  This  arrangement  is  expected  to  enhance 
the  effective  interaction  length  in  the  crystal. 

Since  the  available  magnetrons  are  of  S-band  frequency,  various 
mechanical  and  equipment  changes  have  been  made  to  incorporate  this  unit 
as  o\ir  pump  frequency.  New  cavities  and  microwave  circuitry  are  being 
prepared  for  the  lowering  of  our  operating  frequencies  for  phonon  inter¬ 
action  testing.  The  pump  frequency  will  be  in  S-band  and  the  signal 
frequency,  L-band. 


11 


4.2.2  Complete  Cryogenic  and  Microwave  Aasetribl; 

During  the  past  period  the  Microwave  Devices  Subsection  area 
was  relocated  to  a  different  part  of  the  laboratory.  The  new  location 
allows  much  larger  laboratory  space  and  will  allow  better  use  of  all  test 
equipment  and  facilities. 

Figure  2  shows  the  complete  experimental  assembly  used  mainly  with 
magnetostrictive  excitation  of  phonons.  .  Visible  are  the  12"  Varian  electro¬ 
magnet  with  a  5”  gap,  cryo<Tenic  Dewar  unit,  and  the  auxiliary  microwave 
and  electronic  components  and  supplies. 

4. 2. 2.1  Microwave  Structures  used  for  Piezoelectric  Excitation  of 
Phonons 

No  conjiletely  new  structures  were  designed  for  piezoelectric 
excitation.  However,  cavities  for  use  with  our  new  operating  frequencies  of 
S  and  L  band  were  designed  and  fabricated.  A  modified  cavity  structure 
containing  a  new  design  for  enhancing  the  "E"  field  was  also  built  and 
tested . 


4. 2. 2. 2  Microwave  Structures  used  for  Magnetostrictive  Excitation 
of  Phonons 

A  number  of  microwave  cavities  and  supporting  structures  were 
designed  for  experimental  testing  of  meignetostrictive  phonon  excitation  at 
microwave  frequencies.  Figure  3  shows  a  coniplete  assembly  used  mainly  for 
testing  various  crystals  in  one  helium  transfer.  This  unit  incorporates 
a  rod  for  tuning  of  the  resonant  frequency.  Visible  are  the  microwave 
cavity,  quartz  crystal,  coaxial  transmission  line,  tuning  rod  and  flange 
supporting  assembly.  Figure  4  shows  a  closeup  of  the  cavity  assembly  unit. 


i-  igure  2 . 


Complete  Experimental  Assembly  for  Microwave  Phonon 
Testing  Using  Magnetostrictive  Transducers 
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Figure  4,  Detailed  View  of  Cavity,  Tuning,  Crystal  and 
Coaxial  Line  Shown  in  Structure  of  Figure  5 

15 


Figure  5  shows  a  slightly  different  design  used  with  magnetostrictive 
phonon  excitationo  The  figure  shows  the  cavity,  a  ruhy  crystal  and  coax 
transmission  line, 

A  coaxial  structure  consisting  of  silver  plated  stainless  steel 
tubings  and  terminated  by  a  short  was  built  for  wide  band  excitation  of 
phonons.  This  structure  was  made  for  testing  crystals  plated  with 
magnetostrictive  transducer  films. 

Additional  structures  utilizing  magnetostrictive  excitation  for 
experimental  testing  of  phonon  interaction  are  in  the  process  of  being 
constructed , 


^.2,3  Materials 

During  this  period  quartz  and  silicon  have  been  the  two  materials 
mostly  tested.  The  silicon  was  shaped  in  cylindrical  rods,  6  mm,  or  3 
dia,  by  2  cm.  length  The  characteristics  of  the  silicon  were,  n  type, 
phosphorus  doped  9  ^  10  atoms/cm-^,  and  resistivity  about  J6  ohm-cm. 

One  ruby  rod  that  had  been  used  in  a  laser  was  also  tested  using  a  magneto - 
strictlve  transducer, 

4.2A  Experimental  Results 

4,2. 4,1  Generation  of  Phonons 

The  results  with  magnetostrictive  excitation  of  phonons  in 
quartz  have  been  extended  to  various  other  mediums.  Microwave  phonon  gener¬ 
ation  of  3  4Mc/8  has  been  observed  in  numerous  silicon  crystals  and  also  a 
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Figure  5*  Detailed  View  of  Cavity  Structure  Used  with 
Magnetostrictive  Excitation  of  Phonons 
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ruby  crystal.  This  type  of  transducer  has  been  very  successful.  The 
advantage  of  using  a  thin  magnetostrictive  film  lies  in  the  fact  that  the 
geometry  of  the  propagating  medium  stands  very  little  chance  of  being 
changed.  All  transducers  and  propagating  mediums  require  stringent  optical 
tolerances  for  operating  at  microwave  frequencies.  The  ends  must  be  optically 
flat  to  1/20  wavelength  of  light,  parallel  to  0.001  degrees  and  normal  to 
the  crystal  axis  to  within  0.01  degrees.  Any  change  in  flatness  or  parall¬ 
elism  will  deter  proper  propagation.  The  film  is  applied  to  the  flat  end 
surface  of  the  rod.  The  ends  of  the  rod,  thus  remain  flat  and  parallel 
according  to  their  original  shape. 

The  generation  of  microwave  phonons  by  piezoelectric  effect  was  also 
studied  using  thin  quartz  transducers  bonded  to  silicon  rods.  The  problem 
of  thin  acoustic  bonding  arises  using  this  technique.  Several  attempts  at 
bonding  were  made  using  thin  films  of  vapor  deposited  or  sputtered  indium. 

A  thin  layer  of  indium  was  deposited  onto  one  end  face  of  both  the  quartz 
transducer  and  silicon  rod.  These  two  were  then  bonded  under  a  high 
compressive  force  by  using  a  hydraulic  Jig.  The  unit  was  placed  in  an 
ovep  and  the  temperature  was  kept  Just  below  the  melting  point  of  indium 
for  4  to  6  hours.  Although  the  bonds  held,  they  were  mechanically  weak 
and  no  echoes  were  observed  when  the  rods  were  tested  at .liquid  helium 
temperature.  Different  materials  of  more  desirable  qualities,  ie.  more 
mechanical  strength,  better  mechanical  impedance  match  and  low  loss, 
are  being  considered  for  use  with  this  technique  of  bonding. 

Although  both  the  piezoelectric  and  magnetostrictive  excitation  of 
microwave  phonons  will  still  be  pursued,  it  appears  that  the  magneto¬ 
strictive  type  of  transducer  is  favored.  The  thin  films  appear  to  adhere 
well  with  no  difficult  bonding  problems.  It  is  also  apparent  that  the 
efficiency  of  energy  conversion  is  higher  using  the  magnetostrictive  method. 
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4,2.U.2  Phonon  Propagation  in  ftuartz 


As  stated  before,  microwave  phonon  propagation  in  quartz  is 
still  being  pursued.  Several  experiments  were  carried  out  at  S  band  frequency 
and  liquid  helium  temperature  using  single  crystal  quartz  both  as  the 
transducer  and  propagating  medium. 

Figure  6  shows  better  than  2  milliseconds  of  longitudinal  mode 
storage  time  in  X  cut  quartz.  Our  previous  maximum  was  about  1.^  milli¬ 
seconds  storage  time  for  the  same  quartz  crystal.  A  slight  change  in  the 
cavity  shape  accounts  for  this  inqprovement .  The  figure  shows  about  3^0 
longitudinal  mode  echoes  (corresponding  to  approximately  2.5  milliseconds 
of  storage  time). 

Figure  7  shows  the  results  obtained  In  a  test  for  obtaining  some 
values  of  attenuation  in  single  crystal  quartz.  The  measurements  were 
made  at  S  band  frequency  and  liquid  helium  temperatures.  An  attenuation 
of  approximately  0.06  db/cm  was  measured  for  the  longitudinal  mode  in  an 
X  cut  quartz  rod,  6  mm.  dia.  by  2.5  cm.  length.  A  value  of  approximately 
0.01  db/cm  was  obtained  for  the  slower  transverse  mode  in  an  X  cut  quartz 
rod  6  mm.  dia.  by  3  cm.  length. 

Figure  8  shows  the  pattern  of  echoes  observed  in  X  cut  quartz 
using  a  modified  microwave  cavity  structure  in  an  atten^it  to  enhance  the 
transverse  mode.  The  transverse  mode  corresponds  to  about  6  milliseconds 
of  storage  time  and  is  recognized  as  being  esqponentlal  in  decay. 
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10  nsec/cm. 


.5  millisec/cm. 


.2  millisec/cm. 


Figure  6.  Longitudinal  Mode  Echoes  in  X  Cut  Quartz. 

Liquid  Helium  Temperature  and  2.85  XMc/s 
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ATTENUATION  IN  db 


Figure  7*  Attenuation  in  X  Cut  Quartz 

Longitudinal  Mode  ~0.06  db/cm.  (2.5  cm  X 
crystal) 

Transverse  Mode  ~0.01  db/cm.  (3-0  cm  X  6 
crystal) 


6  ram.  dia. 
mm.  dia. 
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•5  millisec/cm. 


1  millisec/cm. 


Figure  8.  3.5  kMc/s  Transverse  Mode  Echoes  in  X  Cut  Quartz 

Using  Enhanced  "E"  Field  Structure 
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4. 2. 4. 3  Phonon  Propagation  in  Silicon  and  Germanium 

Numerous  attempts  were  made  in  an  attempt  to  propagate  micro¬ 


wave  phonons  using  quartz  transducers  iDonded  to  silicon.  No  echoes  were 

observed.  It  is  believed  that  the  fault  was  in  the  bond. 

We  have  succeeded  in  generating  S  band  frequency  phonons  in  both  6  mm. 

and  3  mmo  dia.  <  ill>  silicon  rods  using  magneto strictive  transducers. 

The  results  have  been  reproducible  and  show  great  promise  for  use  in  our 

phonon  interaction  testing.  No  echoes  were  observed  in  germanium  by 

magnetostrictive  excitation,  although  we  have  generated  echoes  piezoelect- 

rically  earlier.  The  doping  level  of  the  germanium  may  be  too  high.  The 

14  ,3 

germanium  material  used  is  n  type  with  antimony  doping  of  3  x  10  atoms/cm  . 
The  resistivity  is  about  8  oh-cm.  The  orientation  of  the  germanium  crystal 
is  <100>. 


4. 2.4.4  Technique  of  Magnetostrictive  Excitation 

The  magnetostrictive  films  used  were  of  nickel -cobalt  compo¬ 
sition  and  were  electro -deposited  to  a  thickness  comparable  to  approximately 
half  an  acoustic  wavelength.  The  crystal  was  inserted  into  a  microwave 
cavity  with  the  end  containing  the  nickel  film  exposed  and  arranged  parallel 
to  the  rf  magnetic  field.  The  external  DC  magnetic  field  was  then  applied 
in  various  orientations  with  respect  to  the  film. 

Figure  9  shows  transverse  mode  echoes  observed  in  <111>  silicon.  The 
test  was  carried  out  at  liquid  helium  teniperatures  and  a  frequency  of  2.67  kMc/a 
The  veloctiy  measured  was  5.08  x  10^  cm/sec.  This  agrees  quite  favorably 
with  our  calculated  value  of  5.12  x  10^  cm/sec.  as  reported  in  our  second 
qxiarterly  report,  page  6.  The  external  DC  magnetic  field  was  applied 
normal  to  the  film  for  this  mode .  Figure  10  shows  longitudinal 
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50  |j,sec/cm. 


20  nsec/cm. 


10  |isec/cm. 


Figure  9-  Magnetostrictive  Excitation  of  Transverse  Phonons 
in  <  111  >  Silicon  DC  Magnetic  Field  Normal  to 
Nickel-Cobalt  Film.  2.67  kMc/s  Liquid  Helium 
Temperature.  Velocity  is  5*08  X  105  cm/sec. 


2h 


5  usec/cm. 


10  usec/cm. 


Figure  10.  Majr.-:: ‘.-■^ric'.ive  Excitation  of  Longitudinal  Phonons 
in  <  ..1  >  Silicon  DC  Magnetic  Field  Parallel  to 

Li  jne. calt  Filir..  2.67  Wic/s  Liquid  Helium 
Ler-pe nature .  Velocity  is  9-6  X  10^  cm/sec. 
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mode  echoes  observed  in  the  same  <  111>  silicon  crystal.  The  DC  magnetic 

field  has  been  rotated  to  a  position  that  is  now  parallel  with  the  film. 

The  field  strength  has  also  been  reduced  to  1773  oersted  compared  with 

1+500  oersted  for  the  transverse  case.  The  velocity  measured  was  9*6  x 

10^  cm/sec  and  compares  with  our  calculated  value  for  thi8<lll>  orientation. 

Figure  11  shows  the  echoes  observed  for  the  same  <111>  silicon 

crystal  under  different  test  conditions.  The  c-rystal  was  completely 

inserted  into  the  cavity  with  the  film  still  parallel  to  the  rf  magnetic 

o 

field,  but  rotated  by  90  so  that  the  crystal  axis  is  now  parallel  with  the 
cavity  axis.  The  DC  magnetic  field  was  applied  normal  to  the  film  and 
the  transverse  mode  was  observed.  The  coupling  appeared  to  be  somewhat 
stronger  for  this  positioning  of  the  rod. 

Figure  12  shows  pure  longitudinal  mode  ehcoes  observed  in  <L11> 
silicon  crystal  3  'iia.  by  2  cm.  length.  The  velocity  is  9.6  x  10^  cm/sec. 

Figure  13  shows  transverse  mode  echoes  in  another  <111>  silicon 
6  ram.  dia.  by  2  cm.  length  crystal.  The  film  is  parrallel  to  the  rf  magnetic 
field  and  the  DC  external  field  is  normal  to  the  film. 

I t  is  also  interesting  to  consider  this  case  of  phonon  propagation  in 

(12^ 

the  <  111>  direction  since  Mason  '  has  reported  its  importance  in  studying 
dislocation  motion  on  ultrasonic  damping. 

Figure  l4  shows  echoes  observed  in  a  C  axis  oriented  ruby  crystal 
using  a  nickel -cobalt  magnetostrictive  film.  This  ruby  had  been  originally 
used  in  an  optical  maser.  There  were  only  a  few  echoes  visible  with  this  rod. 
It  is  possible  that  the  optical  processing  of  the  rod  did  not  meet  our  critical 
tolerances.  The  test  was  made  at  liquid  helium  temperatures  and  3 '15  kMc/s. 

The  velocity  measured  was  11.2  x  10^  cra/sec.,  corresponding  to  the  longitu¬ 
dinal  mode. 
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Figure  11.  Magnetostrictive  Excitation  of  Transverse  Phonons 
in  <  111  >  Silicon.  Crystal  Inserted  in  Microwave 
Cavity.  DC  Magnetic  Field  Normal  to  Nickel-Cohalt 
Film.  2.']h  kMc/s  Liquid  Helium  Temperature.  Velocity 
is  5 '08  X  10^  cm/sec. 
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Figure  12.  Magnetostrictive  Excitation  of  Longitudinal  Phonons 
in  <  111  >  5  inm.  dia.  By  2  cm.  Length  Silicon.  DC 
Magnetic  Field  Parallel  to  Nickel-Cobalt  Film.  3 >15 
kMc/s  Liq,uid  Helium  Temperature.  Velocity  is  9*6  X 
10  5  cm/sec . 


20  nsec/cm. 


10  |isec/cm. 
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Figure  1^4-.  Magnetostrictive  Excitation  of  Longitudinal  Phonons 

in  C  Axis  Buhy.  5-15  kMc/s  Liquid  Helium  Temperature. 
Velocity  is  11.2  X  10^  cm/sec. 
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The  coupling  of  magneto strictive  film  excitation  is  largely  dependent 
on  the  DC  magnetic  field  orientation  and  field  strength.  Some  of  the 
characteristic  behavior  observed  while  experimenting  with  these  thin  films 
is  described  in  the  following.  With  the  external  DC  magnetic  field 
applied  normal  to  the  film,  transverse  waves  are  generated.  Figure  15 
shows  a  plot  of  the  relative  magnitude  of  a  particular  pulse  (the  third  pulse 
echo)  versus  the  applied  magnetic  field  strength  and  magnetic  field 
orientation  (angle  0). 

These  curves  were  drawn  for  a  thin  nickel-cobalt  film  plated  to 
a  <111>  silicon  rod.  In  order  to  obtain  the  curves  in  Figure  15,  an  initial 
large  applied  magnetic  field  (larger  than  5000  oersteds)  was  required  to 
switch  the  magnetization  to  the  normal  direction. 

Figure  l6  shows  a  similar  plot  for  the  longitudinal  mode  in  a  < 111> 
silicon  crystal,  3  dia.  by  2  cm.  length.  The  film  was  also  nickel -cobalt. 
For  the  longitudinal  mode  there  is  no  need  for  switching  the  magnetization. 

Comparing  Figure  15  with  Figure  l6,  one  observes  that  the  longitudinal 
mode  requires  lower  applied  field  strength  than  the  transverse  mode.  The 
longitudinal  mode  is  not  critically  dependent  on  applied  magnetic  field 
strength  and  field  orientation  as  is  the  transverse  mode.  Therefore,  the 
longitudinal  mode  appears  more  promising  for  phonon  interaction  studies.  The 
effects  associated  with  generation  and  propagation  using  thin  films  of 
nagnetostrictive  materials  are  under  further  investigation. 
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MAGNETIC  FIELD  ANGLE  ,  6 


40  420  45  475  5.0  525  5.5  X  lO’ OER 

MAGNETIC  FIELD  STRENGTH.  H 

Fic^ure  15 .  Characteristics  of  Magnetostrictive  Excitation  of 
Transverse  Phonons  in  <  111  >  Silicon  Frequency . 
3,15  kMc/s  Liquid  Heliim  Temperature.  Velocity 
is  5.08  X  105  cm/sec. 


PULSE  HEIGHT,  CM. 


MAGNETIC  FIELD  ANGLE,  6 


0  .9  I  1.5  2  2.5  X  IO*OER. 

MAGNETIC  FIELD  STRENGTH,  H 

Figure  l6.  Characteristics  of  Magnetostrictive  Excitation 
of  Longitudinal  Phonons  in  <  111  >  Silicon 
Frequency.  5.15  EMc/s  Liquid  Helium  Temperature 
Velocity  is  9*6  x  lo5  cm/sec. 


5 .  CONCLUSIONS 

In  previous  quarterly  reports  phonon  interactions  were  treated  as 
three  dimensional  parametric  interactions.  These  concepts  apply  not 
only  to  acoustic  and  optical  phonons,  hut  also  to  photons,  magnons, 
plasmons,  etc. 

The  results  of  experimental  work  on  magnetostrlctlve  excitation  and 
detection  of  microwave  phonons  are  very  promising.  This  technique 
appears  to  he  particularly  useful  for  non-piezoelectric  materials  because  of 
the  absence  of  the  problem  of  transducer  bonding.  Nevertheless,  efforts 
have  been  continued  on  the  study  of  thin  film  bonding  of  quartz  transducers. 

Arrangements  are  being  made  to  ejqtedlte  earlier  experimental  testing 
of  phonon  interactions. 
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6.  program  for  next  interval 

Emphasis  will  be  directed  towards  using  the  magnetostrictive  excitation 
in  various  media.  Efforts  will  be  made  to  further  investigate  magneto - 
strictive  excitations  with  the  purpose  of  enhancing  the  transducer  efficiency. 
New  microwave  circuitry  and  supplies  will  be  prepared  for  operating  in  our 
new  frequency  range.  Our  objectives  will  then  be  to  concentrate  on  experi¬ 
mental  testing  of  phonon  interactions  in  both  quartz  and  non-piezoelectric 
media. 

Time  permitting,  additional  bonding  films  will  be  atten^ted  with 
piezoelectric  transducers . 
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